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ABSTRACT 

Energy and angular correlations of two protons emitted 

in collisions of C +c. C + Pb. Ne + NaF, Ar + KCl, at E~:!m 
Lab 

"" 800 MeV/A, and Ne + NaF at EB "" 400 HeV/A have been earn 

measured. A strong correlation due to p-p quasi-elastic 

scattering is observed except for C + Pb where nuclear sha-

dowing is observed. A simple model is proposed to estimate 

the magnitude of the knock-out process in these heavy-ion 

collisions. 
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In high-energy heavy-ion collisions, icle inclusive cross 

1-3 sections have already given an overall picture of fragment emission to 

which several models such as 

d 1 2
•

3
•

5
-

7 
h b lid mo e s · ave een app e , 

the clean knock-out 4 model and thermal 

These models. although they are quite dif-

ferent in their physical basis, describe certain aspects of the spectra. but 

further experimental studies are required in order to quantitatively test 

them. 1 
As pointed out in a previous paper, p-p g.uasi--~lastic _!!Cattering (p-p 

QES) is observed in C + C collisions. 1fle have extended the measurement to 

several projectile and target combinations as well as to different beam ener-

gies in order to make a study of the importance of clean knock~out 

processes. These results are described in the first part of the present 

paper. A simple model to estimate the contribution of the knock-out process 

is proposed in the second We also present experimental data pertaining 

to nuclear shadowing effects in C + Pb collisions, 

The experimental system consisted of a magnetic spectrometer (S) and 

three sets of counter telescopes u. and D). These telescopes were set at 

angles (6.¢) ""(40°. 180"). (40", 90°). and (40", 270° )o respectively. with 
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the beam being the z-axis. This 6-angle corresponds to rv90" in the nucleon-

nucleon c.m. frame. The spectrometer was located at <P = 0" and rotated between 

Each telescope consisted of three plastic scintillators 

with absorbers sandwiched in between \ll'hich allmved us to make a rough energy 

selection; a double coincidence corresponds to E <: 100 HeV and a triple coin-

cidence selects E :Z. 200 MeV for protons. Although it \V'as impossible to iden-

tify particles with the telescopes, it is known from the spectrometer data 

that the dominant yield at e = 40" is protons. The solid angle of each tele-

scope was 48 msr, subtending ~e = 10". 

We measured an azimuthal (or coplanar) correlation function c. ( e ' p) 
,{_ 

defined as 

(S(6 ,p)•R,t)/R,t 
c .( e, P > "" 2 

..t (S(6,p)•U.)/U. +(S(6,p)•D .)/D. 
,{_ ,{_ . . ,{_ ,{_ 

(1) 

where 6 is the scattering angle and p the momentum of the particle detected in 

the spectrometer, and i indicates the telescope energy cut: namely i "" 1 for 

E > 100 r!eV and i "' 2 for E 2: 200 'f\leV. 
proton proton 

The quantity (S(6,p)•R. ) 
,{_ 

indicates the coincidence counts bet\~Teen the spectrometer and the R-telescope, 

and R,t(U,t) indicates the single counts of the R(U)-telescope. 

In Fig, 1 contour lines of the observed values of c
2 

(8, p) are shmro for 

collisions 
Lab 

of C + C, Ar + KC.l, and C + Pb at EB "' ROO HeV/A earn The data are 

displayed in the plane of pll and pl :!.n the nucleon-nucleon e-m. frame. In the 

cases of C + C and Ar + KCl the value of c
2 

is always larger than 1 and has a 

peak right on the circle but on the opposite side of the cross hatched area. 

The data clearly shm11 the existence of the p-p QES in C + C and Ar + K.Cl col-

lisions, On the other hand, no peak is observed for C + Pb and the value of 

c
2 

in this case is smaller than 1. 
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He first discuss the p-p QES component observed in light-mass nuclear 

systems. The observed maximum values of C-t' s are summarized in Table I. He 

see that the C-t's are smaller for heavier-mass systems. The in-plane correla-

t ion is dominated by p-p QI:S, while the coincidence rate between two particles 

in general is proportional to the square of the total event mul t ipl:ici ty. 

Therefore the correlation function, C , approaches 1 as the event multiplicity 

increases. Experimental values of the average total charged-particle multi-

plicity, m, ~1ich were determined from the total inclusive yield divided by 

the total reaction cross section (cr
0
), are listed in the 7th column of Tahle 

I These values of m are very close to the total nuclear charges of the par-

1 1 d b d 1 
2 8 

ticipant piece ca cu ate y the participant-spectator mo e , as shown in 

the 8th column of the table. It :i.s worthwhile to note that (C_[ - 1) • m stays 

almost constant for all the systems. We also see that c
1
(at peak) < c

2
(at 

peak), This means that the lower-energy cut of the telescope includes more 

uncorrelated particles. 

\Je nmv estimate the magnitude of the p-p QES component. \Je assume that 

the two-particle coincidence has two components; the p-p QES with a width 

charac t~ristic of the Fermi momentum of the colliding nucleons and the azimu-

thally uncorrelated particles such as the particle through multiple scatter~ 

ing. We also assume all detected particles are protons. Under these assump-

. 1 t d . id th ' 1 . t. ( d 0 ) . t 1ons, e us 1v e e 1nc us:tve cross sec 10n ~ 1nto two parts~ tlw p-p 

do do 
QES part (dp)pp and the remaining CdP·)r, where, in the former process, neither 

of the two protons is rescattered after one hard collision-

Because the multiplicities of the reaction play an i~portant role, 1..re 

rewrite the cross sections as 

~ (df) d (do) ~ 
mpp dfl pp an dp r (2) 
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where m's represent the average multiplicities associated with the relevant 

processes and (~~)'s are spectral functions normalized to a
0

• Thus 

(df) "' m (~ + m (d~) 
m dlf pp dp pp r dp r 

m "" m + m • 
PP r 

( 3) 

\~en a proton from the first term of the above equation (p-p QES proton) 

m 
is detecte.d at p7

1
• (with the probability of~ (~~) ) , the probability of 

a 0 P PP 

d . h + i i 1 [D (*1 ,:r?) + (m-02) (d~£.2)] etect1ng anot er proton at Pz s proport ona to p P_ 
11 

where D(p1 ,p2
) is the probability that the QES partner of the detected proton 

The second term 

arises from random coincidences. Similarly, when a proton from the second 

. . mr df 
term in Eq. (3) is detected at pl wHh aO (dTf~\:• the probability of detecting 

another proton at + Pz 
(m-1) df 

is proportional to ~a--~(~)· 
. o Pz 

inclusive cross sections can be written as 

Thus, the two-proton 

(4) 

The correlati.on function c
2
(8,p), defined in Eq. (1), then is Hritten as 

(5) 

where integration is over the momentum covered hy the R-telescope and 

a :: (d~\ /(d&J is the fraction of p-p Ql-3S cross section which in general 
dp" pp dp 

depends on p
1

• Because we restrict our discussion to a narrow kinematical 

region near QES, we assume that a is constant. In the extreme case ~vhere all 

the protons are emitted via single nucleon-nucleon collisions \vi thout further 
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multiple scattering, a has its maximum value a
0 

= 0.43. 
9 

Fig. 2 shows the calculated value of (C
2

(40",p) - 1) (solid line) based 

on Eq, (5) for the C + C data. The function jn(p.pR)dPR was calculated using 

our experimental geometry with a Honte Carlo method, assuming that nucleons 

have a Gaussian momentum distribution (e-p
2
/(l7? :'1eV/c)

2
) both in the target 

and the projectile. This distribution is very close to that obtained from a 

many-body theory with a Reid soft core potential.
11 

The shape of (C
2

(40" .p) -

1) is reproduced well. However, if \Je use a = a
0

. the amplitude is six-times 

larger than the experiment, which indicates that both single and multiple 

scatterings are involved in these collisions. The observed fraction a;a
0 

is 

summarized in the 9th column of Table I. They are essentially the same within 

an error for all combinations. 

In the analysis we assumed that the observed azimuthal correlations are 

due only to p-p QES. This simplified model neglects residual correlations of 

secondary scattered particles and also neglects correlations associated \.Ji th 

energy~momentum conservation of the whole or of a sub-system (except a two= 

particle system). Our rough estinate for this process shcn.;s that these 

effects are unlikely to change (C
2 

~ 1) by more than 20;~. The observed corre= 

lations can also be influenced by nuclear shadovJing, which gets progressivt~ly 

nore important as the masses of the colliding nuclei increase, Quantitative 

discussion of this effect is, hmvever, left as a subject for the future. 

Let us compare the fraction a;a
0 

to the fraction P of single collision in 

an inclusive proton spectrum. A distinction should be made betueen a;a
0 

and 

P, because, in the former, none of the particles after NN collisions are res-

cattered, whereas, in the latter, the detected proton \vas not rescattered but 

the other particles involved in the collision could be. Thus the fractions 



and p 2 are related by P ~ a/a
0

. The resulting fraction P is listed in 

the last column of Table I. This value of P is comparable to the value 

obtained from the high-multiplicity biased data for Ar + KCL 
12 

In conclusion, for light-mass nuclear collisions, two coplanar correla-

tions have been used to estimate the fraction of the single NN collision com-

ponent P in a limited kinematical region (SCM rv 90", PCM rv PCH(Beam)/A) for 

protons. P rv 50~~ was obtained from the present analysis. Because of several 

assumptions involved in the analysis, the estimated values of P are thought to 

have 30 - 40% errors in them. 

Finally let us say a few words on the observed anti-coplanarity for a 

heavy-mass target. As shown in Fig. 1 for 800 tieV/nucleon C + Pb, the ratio 

c2 is smaller than 1, and, furthermore, a valley extends toward e c .m. 'V 60°. 

This observation can be qualitatively understood in terms of nuclear shadow-

i.ng. l.fuen we detect the first proton \vith the spectrometer, then the reaction 

region is effectively biased toward that part of the Pb nuclear surface that 

is facing in the direction of the spectrometer. It is then rather difficult 

for the second proton to be emitted in the opposite direction from the first 

proton, namely in the R-telescope direction, because the second proton has to 

penetrate a large amount of nuclear matter. On the other hand, it is rela-

tively easy for the second proton to be emitted in the up or down direction. 

This causes c
2 

to be smaller than 1. 
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I. ue at k i on average e i c i , m , 1 i ear 

coll is Fraction si e ean- is listed in last umn. 

on C2 (at peak) c1 (at k) m 
oo 
( ) . 0i c) 

c + c L 1. 55±0. 2. .6 0. 3.5±0.7 3 0.20±0. 0. . 10 

+ F L .10 l . 35±0. 7. . 6 1. 5 . .2 5 0. 0. 10 
\10 

+ 1. 25±0 .l 0 Ll . l 0 2. 9·. . 8 9 0.23±0.12 0 . .16 

-----------------------------------------------------------------------~-------------------~------------------------

+ F l. 1. 5. .2 1.30 4. .9 5 0. . 10 0. . 13 

a) i usivedatata atl <6<1 o, 

1 on cross section . 10]. 

c) ear c ci ece cal ated ici spectator . 

Errors are s stical y. 
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FIGURE CAPT IONS 

Fig. 1 Contour plot of c
2 

defined Eq. (l) for C +c. Ne + NaF, and Ar + 

KCl at ELab = 800 MeV/nucleon. 
Beam P and T indicate projectile and tar-

get momenta per nucleon, respectively, in the nucleon-nucleon c.m. 

frame. The dashed circle indicates the free proton-proton elastic 

scattering kinematics, and the cross-hatched area shows the kinemati-

cal region of protons detected by the R-telescope. 

Fig. 2 Fit of c
2

(40°,p) as a function of p. using a gaussian internal momen­

tum distribution of nucleons inside the nucleus. 
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